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Abstract: Mechanosensitive channels are crucial biological structures that respond to 

mechanical stimuli by altering cellular processes. Recent studies suggest that these channels 

can be activated by ultrasound at specific frequencies, yet the underlying physical mechanisms 

remain unclear. Membrane tension is known to play a pivotal role in the regulation of 

mechanosensitive channels. Here, we investigate whether ultrasound can modulate membrane 

tension to facilitate channel activation. To do so, we develop a theoretical model based on the 

local resonance of mechanosensitive channels embedded in lipid membranes when subjected 

to ultrasonic excitation. Our results reveal that ultrasound can induce localized membrane 

resonance, leading to increased membrane tension in the vicinity of the channel. This tension 

increase, when occurring at specific resonant frequencies, is sufficient to activate 

mechanosensitive channels. Furthermore, we establish the effective frequency range for 

channel activation and examine the influence of key parameters such as ultrasound intensity, 

channel molecular mass, and damping effects on this range. Our findings provide a mechanistic 

explanation for ultrasound-induced activation of mechanosensitive channels, offering valuable 

insights for applications in neuromodulation, targeted therapy, and mechanomedicine. 
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1. Introduction 

Mechanosensitive channels (MSCs), such as transient receptor potential (TRP) channel families, 

Piezo1/2, epithelial sodium channels (ENaC) (Chu et al., 2022; Douguet and Honoré, 2019), 

expressed across human tissues ubiquitously (Han et al., 2022; Moran et al., 2011; Raha et al., 

2023; Tang et al., 2022), serve as fundamental mediators of biophysical-to-biochemical signal 

transduction. These molecular sensors enable sensory cells to achieve millisecond-range 

responsiveness to mechanical stimuli to achieve activities such as volume regulation, migration, 

and differentiation (Cox et al., 2019; Jin et al., 2020; Martinac, 2004). Recently, regulating 

MSCs through ultrasound has been considered as an effective method for neuromodulation 

(Duque et al., 2022; Hu et al., 2024; Ibsen et al., 2015; Kubanek et al., 2018; Oh et al., 2019; 

Qiu et al., 2019; Shen et al., 2021; Xian et al., 2023; Yang et al., 2021; Yoo et al., 2022), cancer 

treatment (Tijore et al., 2020; Wen et al., 2023), mechanoimmunology (Pan et al., 2018), 

reproductive improvement (Vafaie et al., 2024) and fracture repair (Zhang et al., 2021). Despite 

experimental evidence, the underlying mechanism by which mechanosensitive channels 

respond to ultrasound at specific frequencies remains unclear. 

 

The lower frequency effects can be mostly explained by cavitation theory (Ashokkumar, 2011). 

For example, ultrasound at 33 kHz can activate Piezo1 channel to mediate calcium influx and 

potentially induce tumor cell apoptosis. However, ultrasound at 120 kHz with the same power 

does not work (Tijore et al., 2020). The mechanical effect caused by high-frequency ultrasound 

(over ~300 kHz) is more significant than cavitation effect (Thanh Nguyen et al., 2017). The 

mechanical effect of ultrasound is considered a physical mechanism of ultrasonic 

neuromodulation (Menz et al., 2019), and the majority of reported ultrasound effective 

frequencies that can activate mechanosensitive channels are higher than 300 kHz (see Table 1). 

It appears that only certain ultrasound frequencies can activate mechanosensitive channels, and 

the specific mechanism by which ultrasound mechanical effects act on mechanosensitive 

channels remains be elucidated. It is known that membrane tension plays a crucial role in the 

gating of mechanosensitive channels (Chu et al., 2022; Sabass and Stone, 2016; Sorum et al., 

2021), even in those directly tethered to cytoskeletal or extracellular structures (Kung, 2005; 



Martinac, 2014). This suggests that investigating ultrasound-induced changes in lipid 

membrane tension may provide insights into the activation mechanism. An ultrasonic pressure

acting on the cell membrane may cause changes in membrane tension. The 

ultrasonic pressure is related to the ultrasonic intensity I, density of medium ρ and c the acoustic 

velocity in medium. Notably, it remains independent of ultrasound frequency. This frequency-

dependent of activation is reminiscent of the resonance behavior observed in mechanical 

structures subjected to external excitation 

 

Another critical aspect is the significant gap in ultrasound frequency of activating the same type 

mechanosensitive channels. For instance, Prieto et al. (Prieto et al., 2018) identified 43 MHz as 

an effective frequency for activating the Piezo1 channel, but Qiu et al. (Qiu et al., 2019) 

reported activation at 0.5 MHz for the same cell line (HEK293T). This discrepancy suggests 

that mechanosensitive channels may exhibit a spectral response mode to ultrasound, where 

activation occurs only within a specific frequency range. Therefore, our goal here is to 

determine the frequency range within which ultrasound-induced changes in membrane tension 

are sufficient to activate mechanosensitive channels. Additionally, we investigate how 

ultrasound intensity and channel parameters influence this effective frequency range.  

 

2. Vibration of MSC under ultrasound 

An MSC can be regarded as an additional mass in lipid membrane, and the stiffness of MSCs 

is much higher than that of the membrane (Chen et al., 2008) so that an MSC can be modelled 

as an oscillator inducing local resonances. Accordingly, we model the single channel structure 

as an MSC embedded in a local elastic circular membrane (radius a, thickness h, Young’s 

modulus Em, Poisson’s ratio νm) supported by cytoskeleton network (Fig. 1 (a)). Typically, an 

area with radius can approximately be regarded as a plane resting on a sphere with 

radius R. Based on baseline parameter values, we use in our model (details in 

Supplementary Information). Since the channel stiffness is ~105 times higher than that of lipid 

membrane (Chen et al., 2008; Hochmuth and Mohandas, 1972; Zhu et al., 2019), we model the 

channel as rigid harmonic oscillator. Similarly, the channel volume is negligible compared to 
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local membrane volume. When subject to periodic ultrasound, the ultrasonic force induces a 

deformation of the local membrane, and the inertia generated by the mass M of the channel will 

cause a lag in the channel position, resulting in a translational displacement δ0 relative to the 

membrane (Fig. 1 (b)). Next, we derive the equation characterizing the vibration, and then 

extract the amplitude-frequency relation.  

 

In the absence of viscous or forcing effect, the vibration is the result of the displacement of the 

oscillator in a force field. Explicitly, the translational reaction forces of MSC are 

due to both a central reaction force Fm of membrane and a force Ff due to the cytoskeletal 

filaments. First, the reaction force Fm generated by the central deflection δ0 of a circular 

membrane with fixed boundary is (Komaragiri et al., 2005) 

	 (1) 

where .  

 

Second, we model the cytoskeletal force as a uniformly distributed load (Liu et al., 2021) 

	 (2) 

where R is the radius of a cell, N is the total number of cytoskeletal filaments in a cell, E’
f , Sf, 

lf, F0 and Δl are effective Young’s modulus, cross-section area, length, contraction force and 

virtual elastic deformation of one filament, respectively. The central deflection of circular 

membrane under uniformly distributed load is (Wei-zang et al., 

1981). On the membrane, Δl is equal to δ0, then the effective force at the center of the membrane 

from elastic deformation of cytoskeletal filaments under membrane reads 

	 (3) 

where . From the total reaction force , we obtain the effective 

translational stiffness as 
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	 (4) 

The parameters and their baseline values of the cytoskeletal filaments can be found in Table 2. 

Based on Eq. (4), for , the filaments dominates the vibration stiffness whereas for 

. As a increases, K tends towards a constant value. The natural angular frequency cof 

the system is obtained from the second term of Eq. (4), .  

 

Including both damping and forcing, we can now write the equation for the vibration of the 

MSC as 

	 (5) 

where is the damping ratio, is the coefficient of nonlinear stiffness,

with denoting the acoustic force on the membrane 

(Ilinskii et al., 2005; Or and Kimmel, 2009) (details in Supplementary Information), ω is the 

circular frequency of excitation, and θ is the phase angle. Eq. (5) takes the form of a forced-

damped Duffing equation. We use the method of harmonic balance by looking for a solution of 

the form , and solving for Amp and  while neglecting higher-order 

harmonics. Doing so, we obtain the amplitude-frequency equation is (Nayfeh and Nook, 1979) 

	 (6) 

The first term is generated by Fac, for which I is the key parameter. The second term depends 

on the system stiffness which impedes the displacement of the MSC. It includes a constant term, 

, and a nonlinear term . This nonlinear behavior can induce instability in 

the vibration of mechanosensitive channels, where a single frequency may correspond to 

multiple amplitude states within certain frequency ranges, leading to abrupt amplitude 

transitions. The final term in the equation represents the damping effect, and we hypothesize 

that the damping ratio ζ may be influenced by the surface area of the channel blades. Next, we 

examine how the amplitude of vibration affects membrane tension to understand its variation 

under ultrasound excitation. 
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3. Membrane tension during vibration 

The MSCs remain closed under the initial membrane tension σr0, while the translational 

displacement along the normal direction the membrane of MSC will induce a change in 

membrane tension. We focus our attention on the radial membrane stress of membrane rather 

than the circumferential stress because of the circular symmetry found in MSCs (Gandhi et al., 

2011; Jiang et al., 2021; Jin et al., 2020; Tang et al., 2022). The radial membrane tension under 

a concentrated force F at the center is
 
(Jin, 2008), where r is the 

radial position. If the displacement caused by F is Amp, we can use Eq. (1) to obtain the 

membrane tension as 

	 (7) 

Combining (6) and (7), we obtain an implicit equation for the membrane tension-frequency 

	 (8) 

where , indicating that Amp causes an increase in membrane tension.  

 

The tension γ at the channel outer wall is much larger than that at a position far away from 

channel (Fig. 2). The resonance response of γ showed that ultrasounds with frequencies ω 

around ω0 are more likely to generate sufficient tension γ to activate the MSCs. The tension γ 

can change the conformation of MSC during activation by increasing the total channel area

(Hamill and Martinac, 2001). The increase in conformational free energy of the channel 

indicates that γ should be sufficient to activate a channel (Turner and Sens, 2004) for 

typical values (Phillips R., 2012), (Turner and Sens, 2004), T = 310.15 

K (Fig. 2). We conclude that the surface tension caused by ultrasound as long as their 

frequencies are within the effective frequency range that we now estimate. 

 

4. Results and Discussions 
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4.1 Effective ultrasonic frequency range 

The effective ultrasonic frequency range contains the frequency ω0. Its boundaries depend on 

, with typical baseline value . From Eq. (8), we obtain the effective 

frequency range [0.43ω0 ,2.47ω0] as shown in Fig. 2.  

 

Next, we discuss the influence of key parameters on the effective frequency range. Different 

types of MSCs have different molecular mass and structures, which affect M and ζ. Piezo1 with 

three blades has molecular mass M ~320 kDa (Li et al., 2025), while M ~220 kDa for MscL 

channel with five blades (Reading et al., 2015), between 32.43~182.82 kDa for TRP family 

with four blades (Zhang et al., 2023) and larger than 250 kDa for ASIC1 with three blades (Zha 

et al., 2015). Notably, the effective frequency range shrinks towards ω0 as M increases (Fig. 

3(a)). Consequently, ultrasound is more effective over a broader frequency range in activating 

mechanosensitive channels with lower molecular mass. This observation suggests the existence 

of an upper mass limit beyond which ultrasound may no longer induce channel activation. 

However, increasing the ultrasound intensity I can potentially raise this limit, thereby 

expanding the effective frequency range. 

 

In contrast to the trend observed with increasing molecular mass M, the contraction of the 

effective frequency range toward ω0 occurs more gradually as the damping ratio ζ increases. 

Additionally, a higher ultrasound intensity I can further expand the effective frequency range 

(Fig. 3(b)). The drag force influencing the vibration of mechanosensitive channels is likely 

attributable to interstitial fluid resistance and surface tension effects. We hypothesize that 

mechanosensitive channels with larger blade areas experience greater drag forces, leading to 

an increased damping ratio ζ, which in turn impedes their vibration.  

 

An increase in ultrasound intensity I introduces more energy into the system, leading to a 

greater relative displacement between the membrane and the channel, which in turn results in 

a higher membrane tension γ. There exists a lower threshold of I required for the activation of 

mechanosensitive channels (Fig. 4), indicating that insufficient energy input is incapable of 
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opening the channel, a result that aligns with physical intuition. Theoretically, an infinitely high 

I could render all ultrasound frequencies effective for channel activation. However, excessively 

high ultrasound intensity poses the risk of thermal ablation of biological tissues (Hsiao et al., 

2016; Zhang et al., 2015), necessitating the use of duty cycle modulation to mitigate thermal 

effects (Kiani et al., 2015).  

 

The frequency range of a specific MSC can be estimated by the following method: First, we 

determine the membrane tension-frequency curve through Eq. (8) based on the molecular 

weight and other environmental parameters of different channels. Second, the critical 

membrane tension is calculated by changing the free energy changes ΔG and opening area ΔA, 

thereby determining the frequency range. The Piezo1 and MscL channels are taken as examples 

to reveal the difference in effective frequency ranges of channels with different values of M and 

ΔA (Fig. 5). In order to better demonstrate the differences between different channels, the 

ultrasound intensity I was taken to be 0.15 W/cm2. Under the same excitation energy, MscL 

channels with less molecular mass (Li et al., 2025; Reading et al., 2015) exhibit a higher 

membrane amplitude. The conformational free energy change ΔG is 10 kBT for MscL (Sukharev 

et al., 1994) and 50 kBT for Piezo1 (Lin et al., 2019), while the binding area change ΔA is around 

20 nm2
 for MscL (Sharma et al., 2023) and 80 nm2 for Piezo1 (Lin et al., 2019). These values 

are used to determine whether the membrane amplitude is sufficient to activate the channel. 

The effective frequency range of MscL is broader than that of Piezo1, and the validation data 

is well distributed within the predicted activation frequency range as shown in Fig.5. It is 

emphasized that ultrasound effective frequency range will become broader with increases in 

the ultrasound intensity I, which is consistent with existing experimental evidence (Inoue et al., 

2023). 

 

4.2 Experiments and predictions 

Many MSCs, such as Piezo1 and TRPA1 channels can be activated by quasi-static or 

sustainable shear and pressure (Li et al., 2014; Lüchtefeld et al., 2024; Trotier et al., 2023), 

which may be related to its curvature-based or tension gating in lipid membranes (Yang et al., 



2022). The changes in membrane tension caused by these lower frequency loads are more 

intuitive, but lower frequency external excitation is not suitable for clinical modulation due to 

its low targeting and resolution. Thus, we focused on the frequency range of ultrasound 

activated MSCs. As mentioned in the introduction, acoustic pressure is frequency independent, 

which is not sufficient to support the explanation of the channel's response to specific 

ultrasound frequencies. The resonance phenomenon is characterized by a high sensitivity to 

frequency, resulting in large oscillatory amplitudes that can significantly elevate local 

membrane tension near the channel. This observation aligns with the prevailing model of 

mechanosensitive channel (MSC) activation via tension gating and is applicable across various 

types of MSCs. 

This work provides a general theoretical framework for understanding the activation of 

mechanosensitive channels by ultrasound at specific frequencies. The resonance model treats 

the mechanosensitive channel (MSC) as a particle with mass to analyze changes in membrane 

tension arising from local resonance under ultrasonic excitation. This theoretical framework is 

broadly applicable to all membrane-embedded channels. Within a biologically safe range, 

increasing ultrasound intensity generally facilitates channel activation; however, this effect is 

confined to a specific frequency range. Accordingly, our approach aims to predict the effective 

ultrasonic frequency range for individual channel types using Eq. (8), contingent upon 

preliminary studies to characterize the mechanical properties of the channel and its surrounding 

biophysical environment.  

 

Validating our theoretical framework requires measuring the dynamic responses of 

mechanosensitive channels under ultrasound, which can be achieved through advanced 

microscopic imaging techniques. While this approach holds significant scientific value, it 

presents considerable technical challenges. Notably, many of the experimentally reported 

ultrasound frequencies and intensities that successfully activate channels such as Piezo1 and 

transient receptor potential channels fall within the predicted effective range (Fig. 4), providing 

preliminary support for our model. Indeed, the impact of prolonged ultrasound stimulation on 

channel gating remains unclear, and understanding the interplay between frequency, exposure 



time, and intensity could provide deeper insights into the gating behavior of MSCs under 

ultrasound stimulation. We argue that in order to understand the physical mechanisms 

underlying ultrasound activation of force-sensitive channels, it is key to understand their 

frequency sensitivity is a valuable approach. Therefore, particular attention should be given to 

identifying frequencies that fail to activate the channels, a perspective seldom addressed in the 

current literature. 

  

5. Conclusions 

By investigating the frequency sensitivity of mechanosensitive channel (MSC) responses to 

ultrasound, we showed that channel activation can occur via a local resonance mechanism, 

which defines a specific effective frequency range for ultrasound-induced gating. Increased 

ultrasonic intensity broadens this effective range, whereas low intensity renders all frequencies 

ineffective. Therefore, our study provides a new direction to develop a general theoretical 

framework for optimizing ultrasound-based neuromodulation and targeted mechanotherapeutic 

strategies. 
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Fig. 1. Local resonance model of mechanosensitive channel. (a) One MSC embedded in local 

circle lipid membrane with initial membrane tension σr0 supported by cytoskeleton network. (b) 

Periodic ultrasonic force induces deformation of local membrane, and the inertia generated by 

mass of the channel will cause a lag in the position change of the channel, resulting in its 

translational displacement relative to the membrane to change membrane tension to σr.  



 

 

Fig. 2. Membrane tension-frequency curves. Considering an MSC with radius 1 nm, the γ at 

the channel outer wall (r/a = 0.005) is much higher than that of the position far away from 

channel, and γ caused by ultrasound within the effective frequency range makes the 

conformational free energy of the channel to activate MSCs. Baseline value I = 0.01 

W/cm2, M = 100 kDa, ζ = 1, , , T = 310.15 K, σr0 = 1 mN/m. 
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Fig. 3. Factors affecting the membrane tension. (a) The increase in membrane tension around 

channels with smaller molecular mass is more pronounced. ζ = 1, I = 0.01 W/cm2. (b) A higher 

damping ratio will weaken the increase in membrane tension. M = 100 kDa, I = 0.001 W/cm2. 
  



 

Fig. 4. Effective range of dimensional ultrasonic frequency and intensity when M = 100 kDa, ζ 

= 1. The experimental data (Table 1) on activation of MSCs by ultrasound are well distributed 

within the effective area we predicted. All frequencies have been converted to angular 

frequency ω in this figure. 
  



 

Fig. 5. The effective frequency ranges of different channels, taking MscL and Piezo1 as 

examples. The molecular mass M and cross-sectional area ΔA of different channels will affect 

the estimated effective frequency range. 
  



Table 1 Ultrasonic intensity and frequencies for activation MSCs 

MSCs types Frequency (MHz) Intensity (W/cm2) 

TRP-4 (Ibsen et al., 2015) 2.25 27 

TRPA1 (Oh et al., 2019) 0.43 0.151 

TRPC1 (Duque et al., 2022) 7 208.33 

TRPC1 (Yoo et al., 2022) 0.3 15 

TRPV1 (Yang et al., 2021) 1.70 33.3 

TRPC6 (Matsushita et al., 2024) 1.00 0.19 

TRAAK (Sorum et al., 2021) 5.00 0.8 

TRAAK (Sorum et al., 2023) 3.50 2.2 

MEC (Kubanek et al., 2018) 10 33.3 

MEC-4 (Zhou et al., 2022) 27.4 300 

Piezo1 (Prieto et al., 2018) 43 250 

Piezo1 (Pan et al., 2018) 2.00 12 

Piezo1 (Liao et al., 2019) 30 85.33 

Piezo1 (Qiu et al., 2019) 0.5 3 

Piezo1 (Shen et al., 2021) 2.00 0.963 

Piezo1 (Inoue et al., 2023) 1.50 0.2 

Piezo1 (Song et al., 2022) 1.00 1 

Piezo2 (Hoffman et al., 2022) 3.57 400 

MscL (Xian et al., 2023) 0.5 0.33 

MscL (Xian et al., 2023) 0.9 3 

MscL-I92L (Ye et al., 2018) 29.9 6.75 

Ca2+ channel (Vafaie et al., 2024) 40 0.8 

ASIC1a (Lim et al., 2021) 1.00 0.0048 

  



Table 2 Parameters used in the local resonance model of MSCs vibration 

Parameter Symbol/formula Value 

The initial membrane tension σr0 
1 mN/m (Raucher and Sheetz, 

2000) 

Molecular mass of MSC M 100 kDa (Gandhi et al., 2011) 

Thickness of lipid membrane h 1 nm (Xie et al., 2018) 

Young’s modulus of lipid membrane Em 6×105 Pa (Liu et al., 2024) 

Poisson’s ratio of lipid membrane νm 0.33 (Liu et al., 2024) 

Mass density of lipid membrane ρm 1×103 kg (Assumed) 

Radius of global membrane R 10 μm (Liu et al., 2021) 

Number of cytoskeletal filaments N 16000 (Zeng et al., 2012) 

Length of cytoskeleton filaments lf 10 μm (Liu et al., 2021) 

Sound intensity I 0.01 W/cm2 (Assumed) 

Acoustic velocity c 1500 m/s (DR, 2008) 

Mass density of medium ρ 1×103 kg (Assumed) 

 


